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Streptococcus suis (S.suis), a major swine pathogen, is also a severe threat to
human health. Infection with highly virulent strains of S. suis can cause human
Streptococcal toxic-shock-like syndrome (STSLS), which is associated with high serum
pro-inflammatory cytokine levels and a high mortality rate. Our previous study indicated
that highly virulent S. suis infection could activate the TREM-1 signaling pathway, which
promotes host clearance of S. suis during early infection. However, it remained to be
elicited whether TREM-1 signaling could be a target against STSLS in the presence
of antibiotic. In the present study, mice were infected with a highly virulent S. suis
strain and then treated with rTREM-1 (the recombinant extracellular domain of TREM-1)
to block TREM-1 signaling, antibiotics, both rTREM-1 and antibiotics, or PBS. The
survival rates, clinical signs, serum IL-1β and TNF-α levels, and serum bacterial loads
were evaluated. Treatment with rTREM-1 could aggravate the outcome of infection as
described previously. Although the conventional treatment with antibiotics contributed to
effective S. suis clearance, it did not improve survival significantly. In comparison, due to
the reduction of the exaggerated pro-inflammatory response, treatment combined with
rTREM-1 and antibiotics not only led to efficient bacterial clearance but also alleviated
inflammation. In conclusion, TREM-1 signaling contributed to severe inflammatory
response and benefited S. suis clearance. Therefore, blocking TREM-1 signaling could
still be a target for the treatment of STSLS in the presence of antibiotics.
Keywords: Streptococcus suis (S. suis), Streptococcal toxic-shock-like syndrome (STSLS), Triggering receptor
expressed on myeloid cells-1 (TREM-1), anti-inflammatory treatment, treatments targets
INTRODUCTION
Streptococcus suis (S. suis) is a major swine pathogen that is responsible for severe economic losses
in the porcine industry, and it is also a severe threat to human health (Segura, 2009;Wertheim et al.,
2009; Gottschalk et al., 2010b; Gottschalk, 2012). Since the first reported case of S. suis-induced
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meningitis in humans in Denmark in 1968, more than 1500
human infection cases have been reported in the world (Huong
et al., 2014). In addition, S. suis has also been identified as
the third most common cause of community-acquired bacterial
meningitis in Hong Kong and as the leading and second cause
of adult meningitis in Vietnam and in Thailand, respectively
(Suankratay et al., 2004; Mai et al., 2008; Segura, 2009). S. suis
infection in humans has remained sporadic for a long time and
mainly affects individuals in close contact with sick or carrier pigs
or pig-derived products (Huang et al., 2005; Smith et al., 2008;
Fowler et al., 2013). However, the large-scale outbreaks in China
in 1998 and 2005 (Tang et al., 2006; Yu et al., 2006) and a case of
human meningitis without a history of animal contact (Manzin
et al., 2008; Callejo et al., 2014) have modified perspectives
regarding the threat of S. suis to humans. Furthermore, human S.
suis isolates showed high degrees of adhesion to human intestinal
epithelial cells, suggesting that the pathogen should be considered
a food-borne pathogen (Ferrando et al., 2014). In addition, S.
suis infection is very dangerous for malignancy patients (Gomez-
Zorrilla et al., 2014) people with alcoholism (Nakayama et al.,
2013) and splenectomy patients (Gallagher, 2001; Tambyah and
Lee, 2001). It might also cause adverse clinical outcomes for
influenza-threatened people (Wang and Lu, 2008; Dang et al.,
2014).
S. suis infection in humans typically produces purulent
or nonpurulent meningitis, endocarditis, cellulitis, peritonitis,
rhabdomyolysis, arthritis, spondylodiscitis, pneumonia, uveitis,
endophthalmitis, and occasionally septic shock (Segura, 2009;
Choi et al., 2012; Zalas-Wiecek et al., 2013). Special attention
should be given to the largest recorded outbreak in 2005 in
China, in which 38 deaths were reported among 204 documented
human cases. Of the 38 deaths, 37 were associated with septic
shock, which was designated “Streptococcal toxic-shock-like
syndrome (STSLS)” (Tang et al., 2006). Notably, 63% of STSLS
patients died rapidly even after antimicrobial treatment (Lun
et al., 2007) and this disease was characterized by high serum
levels of IFN-γ, TNF-α, IL-8, IL-12, and IL-1β (Ye et al., 2009).
Studies using experimentally infected mice have demonstrated
that induction of high levels of systemic pro-inflammatory
cytokines plays an important role in sudden death or meningitis
(Lachance et al., 2014). In addition, the IFN-γ response was also
considered to be responsible for the high mortality rate of STSLS
(Lachance et al., 2013). These data suggested that inhibiting the
exaggerated inflammatory response may benefit the outcome of
the disease.
Triggering receptor expressed on myeloid cells-1 (TREM-1),
which belongs to the Ig superfamily, is an activating receptor
that is expressed on myeloid cells (Bouchon et al., 2000). It
can be induced at high levels on neutrophils and monocytes
and further amplifies Toll-like receptor (TLR)-initiated responses
against microbial challenges, potentiating the secretion of
proinflammatory cytokines with the help of the DAP12 adaptor
protein in response to bacterial and fungal infections (Bouchon
et al., 2001; Colonna and Facchetti, 2003; Dower et al., 2008).
Due to the key role of TREM-1 in amplifying the inflammatory
response, TREM-1 was identified as an essential regulator of
innate immunity in sepsis syndrome (Nathan and Ding, 2001)
and it was also confirmed to be an attractive target for the
treatment of septic shock (Gibot et al., 2006, 2007), sepsis
(Bouchon et al., 2001; Gibot et al., 2004; Wang et al., 2012; Pieters
et al., 2013; Van Bremen et al., 2013), inflammatory bowel disease
(Holden et al., 2009; Genua et al., 2014), chronic inflammatory
disorders (Schenk et al., 2007), autoimmune arthritis (Murakami
et al., 2009), corneal inflammation (Wu et al., 2011), and
hepatocellular chronic inflammation (Wu et al., 2012).
Our previous transcriptional analysis on swine spleen cells in
response to S. suis infection indicated that TREM-1 expression
was up-regulated and that a few pro-inflammatory genes were
highly expressed (Li et al., 2010). The TREM-1-mediated innate
immune response was confirmed to play an essential role
in the activation of neutrophils, which further benefited the
outcome of the infection by improving S. suis clearance (Yang
et al., 2015). However, the direct role of the TREM-1-mediated
innate immune response on STSLS is still unknown. Therefore,
the present study aimed to determine the contribution of
this signaling on severe inflammation. Because the TREM-1-
mediated innate immune response played a role during S. suis
clearance, in the present study, the recombinant extracellular
domain of TREM-1 (rTREM-1) was used to inhibit signaling in
the presence of antibiotics to evaluate the direct role of TREM-
1-mediated innate immune response on STSLS. In addition,
the present study also aimed to determine whether TREM-1
signaling could be a target for treatment of STSLS in the presence
of antimicrobial drugs.
MATERIALS AND METHODS
Bacterial Strains
S. suis serotype 2 strain 05ZY (also known as SC-19) was isolated
from the brain of a diseased piglet during the outbreak of S.
suis diseases in China in 2005. The strain expresses muramidase-
released protein, extracellular protein factor, and suilysin and is
highly pathogenic to mice and pigs, causing STSLS (Zhang et al.,
2011, 2012).
The bacteria were cultured for 12 h in Tryptone Soya Broth
(BD) plus 10% bovine sera at 37◦C to reach stationary phase.
Then 500µl of the bacteria suspension was added into 50ml of
fresh Tryptone Soya Broth plus 10% bovine sera and cultured
for 4–6 h to reach log-phase. Then the bacteria suspension was
placed on ice to stop growth and then washed with PBS for two
times. Finally, the concentration of the bacteria suspension was
adjusted to 8× 108 CFU/ml for animal experiments. CFU per ml
values were further confirmed by spreading the serially diluted
bacteria suspension on Tryptone Soya Agar (BD) plates.
Preparation of rTREM-1
The recombinant extracellular domain of TREM-1 (rTREM-1)
was prepared according to the previous procedure (Yang et al.,
2015). Before rTREM-1 was used as the blocking agent, the
protein was confirmed to inhibit the enhanced inflammatory
response of platelets to LPS stimulation as described before (Yang
et al., 2015).
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Experimental Infection of Mice
The study was performed in strict accordance with the Guide for
the Care and Use of Laboratory Animals Monitoring Committee
of Hubei Province, China, and the protocol was approved by the
Committee on the Ethics of Animal Experiments at the College of
Veterinary Medicine, Huazhong Agricultural University (Permit
Number: 4200060000681). All efforts were made to minimize the
suffering of the animals used in the study.
Forty 6-week-old female C57BL/6 mice with similar body
weights were randomly divided into four groups with 10 mice
in each group. All mice were inoculated with an intraperitoneal
injection of 0.5ml of a S. suis strain (05ZYS) suspension at
8 × 108 CFU/ml. After 3 h, the four groups were treated by an
intraperitoneal injection of 0.5ml of PBS, ampicillin (2mg/ml),
rTREM-1(120µg/ml), or a combination of ampicillin (2mg/ml)
and rTREM-1 (120µg/ml). The mice were monitored three
times per day for 5 days for clinical signs and were assigned
clinical scores as described by Dominguez-Punaro et al. (2007).
Mice exhibiting extreme lethargy or neurological signs were
considered moribund and were humanely killed. The body
weight of each mouse was recorded every day. At the end of
the experiment, the surviving animals were sacrificed via carbon
dioxide inhalation.
Sixty 6-week-old female C57BL/6 mice with similar body
weights were randomly divided into five groups with 12 mice
in each group. Groups 1–4 were infected by an intraperitoneal
injection with 0.5ml of a S. suis strain (05ZYS) suspension
at 8 × 108 CFU/ml, and group 5 was mock infected with
PBS and served as a control. At 3 h post-infection, groups 1–4
were treated with an intraperitoneal injection of 0.5ml of PBS,
ampicillin (2mg/ml), rTREM-1(120µg/ml), or a combination
of ampicillin (2mg/ml) and rTREM-1(120µg/ml). Group 5 was
mock treated with PBS at that time point. At 3, 6, 9, and 24 h after
infection, three mice in each group were sacrificed via carbon
dioxide inhalation, and anticoagulated blood was collected via a
cardiac puncture. Fifty microliters of anticoagulated blood was
withdrawn for bacterial loading analysis. The remaining blood
was used to prepare plasma for the analysis of the IL-1β and
TNF-α concentrations.
Bacteria Load in Blood
The collected blood samples were serially diluted and then plated
on Tryptone Soya Agar (BD) plates to evaluate bacterial load.
Cytokine Measurements
The collected blood samples were serially diluted and then
were used to analyze the IL-1β and TNF-α concentrations
with ELISA kits according to the manufacturer’s protocols
(CityDakeweGroup, China). The samples and the known
standards were assayed in triplicate.
Histopathologic Evaluation
The lungs of mice at 6 h post-infection were fixed in 10% neutral
buffered formalin and routinely processed into paraffin. Sections
2 to 3mm in thickness were cut for hematoxylin and eosin
staining for histopathologic evaluation.
All lung samples were examined and scored by the technician
in National Key Laboratory of Agricultural Microbiology who
blinded to treatment and intervention. Five areas were randomly
selected from the every histopathologic section and then were
scored based on the severity and inflammation as following:
0 = Normal; 1 =Minimal hemorrhagic, consisting of occasional
degenerate neutrophils with extravasated erythrocytes and fibrin
and necrotic cellular debris; 2 = Mild hemorrhagic, consisting
of low numbers of degenerate neutrophils with extravasated
erythrocytes and fibrin and necrotic cellular debris; 3 =
Moderate hemorrhagic, consisting of moderate numbers of
degenerate neutrophils with extravasated erythrocytes and fibrin
and necrotic cellular debris; 4 = Severe hemorrhagic, consisting
of large numbers of degenerate neutrophils with abundant
extravasated erythrocytes and fibrin and necrotic cellular debris.
Statistical Analysis
Unless otherwise specified, the data were analyzed using two-
tailed, unpaired t-tests, and all assays were repeated at least
three times. The data were expressed as the means ± standard
deviations. For the animal infection experiments, survival was
analyzed using the log-rank test in GraphPad Prism 5. A
value of p < 0.05 was considered as the threshold for
significance.
RESULTS AND DISCUSSION
S. suis was recognized as a new emerging or old neglected
zoonotic pathogen (Gottschalk et al., 2010a). The infection can
induce high levels of inflammatory cytokines, an important
character of STSLS (Ye et al., 2009) which attracted researchers
to consider whether targeting the inflammatory response was
effective against STSLS (Dominguez-Punaro Mde et al., 2008;
Lagler et al., 2009; Lachance et al., 2013, 2014). Our previous
study indicated that TREM-1 regulated the innate immune
response and benefited clearance of S. suis (Yang et al., 2015).
Although direct targeting TREM-1 signaling was not effective,
it remained to be elicited whether the treatment was effective
when bacteria propagation was under the control. Therefore,
the present study used the recombinant extracellular domain
of TREM-1 (rTREM-1) as an inhibitor of TREM-1 signaling
to evaluate the direct contribution of TREM-1 signaling during
STSLS in the presence of antibiotics.
In the present study, mice infected with S. suis showed sudden
death and high fatality, similar to previous studies (Dominguez-
Punaro et al., 2007; Dominguez-Punaro Mde et al., 2008; Ye
et al., 2009). As described before, treatment with rTREM-1 alone
intensified rather than reducing the severity of the clinical signs,
which was also reflected by a change in body weight on days
1 and 2 post-infection (Figure 1). Furthermore, all of the mice
treated with rTREM-1 alone died within 3 days, while 40% of the
mice treated with PBS recovered from the infection (Figure 1).
These data indicated that treatment with rTREM-1 alone cannot
be used as a treatment strategy for STSLS (Bouchon et al., 2001;
Gibot et al., 2004; Wang et al., 2012).
Antibiotic treatment is typically administered during the
bacterial infection, although the treatment effectiveness on S. suis
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3 November 2015 | Volume 5 | Article 79
Yang et al. Targeting TREM-1 signaling against STSLS
infection remains controversial. In the present study, treatment
with ampicillin at a given concentration could improve the
clinical manifestation in infected mice, which was reflected by a
quick recovery of body weight (Figure 1). However, 60% of mice
died during the infection despite receiving antibiotic treatment
(Figure 1), which was similar to the outcomes of the clinical
treatment of pigs and humans infected with highly virulent S.
suis. In contrast, 90% of mice that received a combination of
ampicillin and rTREM-1 recovered from the infection (Figure 1).
These data indicated that rTREM-1 acted synergistically with
the antibiotics to protect the mice against highly virulent S. suis
infection.
Because the TREM-1-mediated inflammatory response was
essential for S. suis clearance, the blockage of the signaling
by rTREM-1 would cause a high burden of bacterial load,
as described in our recent study (Figure 2). Undoubtedly,
administration of ampicillin could effectively control bacterial
growth when delivered with or without rTREM-1 (Figure 2).
However, inhibition of bacterial propagation alone cannot
significantly improve survival rates (Figure 1). In contrast,
blocking the TREM-1-mediated inflammatory response and
killing the bacteria at the same time had a significant effect against
S. suis infection.
Highly virulent S. suis can rapidly induce high levels of
inflammatory cytokines, resulting in a high fatality rate (Tang
et al., 2006; Dominguez-Punaro et al., 2007; Dominguez-Punaro
Mde et al., 2008; Ye et al., 2009). The correlation of severe
inflammation and a high mortality rate was further supported in
FIGURE 1 | Combined treatment with rTREM-1 and antibiotics protects
mice against S. suis infection. (A) Survival of mice infected with a highly
virulent S. suis strain. The mice were treated with PBS, rTREM-1, antibiotics,
or antibiotics+rTREM-1 at 3 h post-infection. (B) The daily body weight of mice
infected with highly virulent S. suis. “*” represents p < 0.05 for the selected
two groups.
this study. Serum levels of IL-1β and TNF-α reached the highest
levels 3–6 h post-infection before decreasing. The mice treated
with rTREM-1 maintained high levels of pro-inflammatory
cytokines even 9 h after infection (Figure 3). Treatment with
antibiotics alone could promote bacterial clearance and then
reduce the pro-inflammatory cytokine levels. However, the levels
of IL-1β and TNF-α in mice treated with both ampicillin and
rTREM-1 decreased very quickly (Figure 3), which indicated that
treatment with antibiotics alone was not enough to rapidly reduce
inflammation. This also indicated that enhancing bacterial death
FIGURE 2 | The kinetics of bacterial clearance from the blood of mice.
Mice were infected with a highly virulent S. suis strain and treated with PBS,
rTREM-1, antibiotics, or antibiotics+rTREM-1 at 3 h post-infection, and the
colony forming units (CFU) in blood were compared at 6, 9, and 24 h
post-infection. “*” represents p < 0.05 for the two selected groups, and “N”
represents no significant difference for the selected groups at the given
time-point.
FIGURE 3 | Kinetics of serum IL-1β (A) and TNF-α (B) in mice. Mice were
infected with a highly virulent S. suis strain and then treated with PBS,
rTREM-1, antibiotics, and antibiotics+rTREM-1 at 3 h post-infection, and the
serum TNF-α and IL-1β were determined with commercial ELISA kits. “*”
represents p < 0.05 for the two selected groups at the given time-point.
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FIGURE 4 | The histopathological study on lungs of mice infected with highly virulent S. suis strain for 6 h with different treatment. (A) The
histopathologic evaluation of lung of mice treated with PBS (b), rTREM-1(c), ampicillin (d), and a combination of ampicillin and rTREM-1 (e) at 6 h post infection with
highly virulent S. suis strain. The mock infected mice were served as a control (a). The red line represents 20µm. (B) The comparasion of histopathologic changes of
lung of mice infected with highly virulent S. suis strain with different treatment. Five areas were randomly selected from the every histopathologic section and then were
scored based on the severity and inflammation. Scores 0, 1, 2, 3, and 4 represent normal, minimal, mild, moderate, and severe histopathologic changes. “*”
represents p < 0.05 for the two selected groups.
by ampicillin and blockage of TREM-1-mediated response by
rTREM-1 at the same time could effectively protect the host
against epidemic S. suis infection.
The histopathological study of the lungs of mice infected with
a highly virulent strain for 6 h also indicated that treatment
with rTREM-1 could cause more severe lung inflammation
in comparison with PBS treatment (Figure 4). The treatment
with ampicillin alone alleviated the inflammation slightly, while
treatment with both ampicillin and rTREM-1 could alleviate
the inflammation significantly (Figure 4). These data indicated
that the TREM-1-mediated inflammatory response directly
contributed to STSLS in addition to contributing to S. suis
clearance.
Until now, TREM-1 was an attractive target for the treatment
of septic shock (Gibot et al., 2006, 2007), sepsis (Bouchon et al.,
2001; Gibot et al., 2004; Wang et al., 2012; Pieters et al., 2013; Van
Bremen et al., 2013), inflammatory bowel disease (Holden et al.,
2009; Genua et al., 2014) and chronic inflammatory disorders
(Schenk et al., 2007), autoimmune arthritis (Murakami et al.,
2009), corneal inflammation (Wu et al., 2011), and hepatocellular
chronic inflammation (Wu et al., 2012). However, in addition
to TREM-1 contributing to inflammation, TREM-1 also plays a
critical role in the clearance of Pseudomonas aeruginosa (Klesney-
Tait et al., 2013), pneumococci (Hommes et al., 2014), Kelbsiella
pneumoniae (Lin et al., 2014) and the highly virulent S. suis
(Yang et al., 2015). This might be the reason to explain that
blocking TREM-1 signaling alone cannot rescue the host from
these bacterial infections. In the present study, we found that
blocking TREM-1 signaling in the presence of antimicrobials
could significantly improve the survival of mice against S.
suis infection by efficient bacterial clearance and alleviated
severe inflammation. These results could further promoted the
researchers to evaluate the effect of blockage of TREM-1 signaling
in the presence of antimicrobials against severe inflammation
induced by Pseudomonas aeruginosa, pneumococci, andKelbsiella
pneumoniae.
AUTHOR CONTRIBUTIONS
The experiments were performed mainly by CY, JZ, and LL, and
some experiments were performed with the help of SP and LF.
CY, LH, and AZ performed the data analysis with the help of RZ.
Some experiments were performed according to the suggestion
of MJ. The study was designed by AZ.
ACKNOWLEDGMENTS
This work was supported by the National Natural Science
Foundation of China (31172328, 31272544) the 973 Program
(2012CB518805) the Program for New Century Excellent
Talents in University, the fundamental research funds for the
central university (2014PY016), special Fund for Agro-scientific
Research in the public interest (201303041), and the Natural
Science Foundation of Hubei (2015CFA041). We would like to
express our gratitude to Hongbo Zhou, Chen Tan, Rui Luo,
Dang Wang (HZAU, China) for their help on discussion of the
results. We gratefully acknowledge the staff of the experimental
facilities of the Keqian Animal Biological Products Co., LTD
and the technician in National Key Laboratory of Agricultural
Microbiology.
REFERENCES
Bouchon, A., Dietrich, J., and Colonna, M. (2000). Cutting edge: inflammatory
responses can be triggered by TREM-1, a novel receptor expressed
on neutrophils and monocytes. J. Immunol. 164, 4991–4995. doi:
10.4049/jimmunol.164.10.4991
Bouchon, A., Facchetti, F., Weigand, M. A., and Colonna, M. (2001). TREM-1
amplifies inflammation and is a crucial mediator of septic shock. Nature 410,
1103–1107. doi: 10.1038/35074114
Callejo, R., Prieto, M., Salamone, F., Auger, J. P., Goyette-Desjardins, G., and
Gottschalk, M. (2014). A typical Streptococcus suis in man, Argentina, 2013.
Emerg. Infect. Dis. 20, 500–502. doi: 10.3201/eid2003.131148
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5 November 2015 | Volume 5 | Article 79
Yang et al. Targeting TREM-1 signaling against STSLS
Choi, S. M., Cho, B. H., Choi, K. H., Nam, T. S., Kim, J. T., Park, M. S., et al. (2012).
Meningitis caused by Streptococcus suis: case report and review of the literature.
J. Clin. Neurol. 8, 79–82. doi: 10.3988/jcn.2012.8.1.79
Colonna, M., and Facchetti, F. (2003). TREM-1 (triggering receptor expressed on
myeloid cells): a new player in acute inflammatory responses. J. Infect. Dis.
187(Suppl. 2), S397–S401. doi: 10.1086/374754
Dang, Y., Lachance, C., Wang, Y., Gagnon, C. A., Savard, C., Segura, M., et al.
(2014). Transcriptional approach to study porcine tracheal epithelial cells
individually or dually infected with swine influenza virus and Streptococcus suis.
BMC Vet. Res. 10:86. doi: 10.1186/1746-6148-10-86
Dominguez-Punaro, M. C., Segura, M., Plante, M. M., Lacouture, S., Rivest, S.,
and Gottschalk, M. (2007). Streptococcus suis serotype 2, an important swine
and human pathogen, induces strong systemic and cerebral inflammatory
responses in a mouse model of infection. J. Immunol. 179, 1842–1854. doi:
10.4049/jimmunol.179.3.1842
Dominguez-Punaro Mde, L., Segura, M., Radzioch, D., Rivest, S., and Gottschalk,
M. (2008). Comparison of the susceptibilities of C57BL/6 and A/J mouse strains
to Streptococcus suis serotype 2 infection. Infect. Immun. 76, 3901–3910. doi:
10.1128/IAI.00350-08
Dower, K., Ellis, D. K., Saraf, K., Jelinsky, S. A., and Lin, L. L. (2008). Innate
immune responses to TREM-1 activation: overlap, divergence, and positive
and negative cross-talk with bacterial lipopolysaccharide. J. Immunol. 180,
3520–3534. doi: 10.4049/jimmunol.180.5.3520
Ferrando, M. L., Van Baarlen, P., Orrù, G., Piga, R., Bongers, R. S., Wels, M.,
et al. (2014). Carbohydrate availability regulates virulence gene expression in
Streptococcus suis. PLoS ONE 9:e89334. doi: 10.1371/journal.pone.0089334
Fowler, H. N., Brown, P., Rovira, A., Shade, B., Klammer, K., Smith, K., et al. (2013).
Streptococcus suis meningitis in swine worker, Minnesota, USA. Emerg. Infect.
Dis. 19, 330–331. doi: 10.3201/eid1902.120918
Gallagher, F. (2001). Streptococcus infection and splenectomy. Lancet 357,
1129–1130. doi: 10.1016/S0140-6736(00)04280-X
Genua, M., Rutella, S., Correale, C., and Danese, S. (2014). The triggering
receptor expressed on myeloid cells (TREM) in inflammatory bowel disease
pathogenesis. J. Transl. Med. 12:293. doi: 10.1186/s12967-014-0293-z
Gibot, S., Buonsanti, C., Massin, F., Romano, M., Kolopp-Sarda, M. N., Benigni,
F., et al. (2006). Modulation of the triggering receptor expressed on the myeloid
cell type 1 pathway in murine septic shock. Infect. Immun. 74, 2823–2830. doi:
10.1128/IAI.74.5.2823-2830.2006
Gibot, S., Kolopp-Sarda, M. N., Béné, M. C., Bollaert, P. E., Lozniewski, A., Mory,
F., et al. (2004). A soluble form of the triggering receptor expressed on myeloid
cells-1 modulates the inflammatory response in murine sepsis. J. Exp. Med. 200,
1419–1426. doi: 10.1084/jem.20040708
Gibot, S., Massin, F., Marcou, M., Taylor, V., Stidwill, R., Wilson, P., et al. (2007).
TREM-1 promotes survival during septic shock in mice. Eur. J. Immunol. 37,
456–466. doi: 10.1002/eji.200636387
Gomez-Zorrilla, S., Ardanuy, C., Lora-Tamayo, J., Camara, J., Garcia-Somoza, D.,
Pena, C., et al. (2014). Streptococcus suis infection and malignancy in man,
spain. Emerg. Infect. Dis. 20, 1067–1068. doi: 10.3201/eid2006.131167
Gottschalk, M. (2012). “Streptococcocis,” in Diseases of Swine, 10th Edn,
eds J. Zimmerman, L. Karriker, A. Ramirez, K. Schwartz, and G. Stevenson
(Iowa, IA: Blackwell Publishing), 841–855.
Gottschalk, M., Xu, J., Calzas, C., and Segura, M. (2010a). Streptococcus suis: a new
emerging or an old neglected zoonotic pathogen? Future Microbiol. 5, 371–391.
doi: 10.2217/fmb.10.2
Gottschalk, M., Xu, J., Lecours, M.-P., Grenier, D., Fittipaldi, N., and Segura,
M. (2010b). Streptococcus suis infections in humans: what is the prognosis
for western countries? (Part I). Clin. Microbiol. Newsl. 32, 89–96. doi:
10.1016/j.clinmicnews.2010.05.005
Holden, M. T., Hauser, H., Sanders, M., Ngo, T. H., Cherevach, I., Cronin,
A., et al. (2009). Rapid evolution of virulence and drug resistance in the
emerging zoonotic pathogen Streptococcus suis. PLoS ONE 4:e6072. doi:
10.1371/journal.pone.0006072
Hommes, T. J., Hoogendijk, A. J., Dessing, M. C., Van’t Veer, C., Florquin, S.,
Colonna, M., et al. (2014). Triggering receptor expressed on myeloid cells-1
(TREM-1) improves host defence in pneumococcal pneumonia. J. Pathol. 233,
357–367. doi: 10.1002/path.4361
Huang, Y. T., Teng, L. J., Ho, S. W., and Hsueh, P. R. (2005). Streptococcus suis
infection. J. Microbiol. Immunol. Infect. 38, 306–313.
Huong, V. T., Ha, N., Huy, N. T., Horby, P., Nghia, H. D., Thiem, V.
D., et al. (2014). Epidemiology, clinical manifestations, and outcomes of
Streptococcus suis infection in humans. Emerg. Infect. Dis. 20, 1105–1114. doi:
10.3201/eid2007.131594
Klesney-Tait, J., Keck, K., Li, X., Gilfillan, S., Otero, K., Baruah, S., et al. (2013).
Transepithelial migration of neutrophils into the lung requires TREM-1. J. Clin.
Invest. 123, 138–149. doi: 10.1172/JCI64181
Lachance, C., Gottschalk, M., Gerber, P. P., Lemire, P., Xu, J., and Segura, M.
(2013). Exacerbated type II interferon response drives hypervirulence and toxic
shock by an emergent epidemic strain of Streptococcus suis. Infect. Immun. 81,
1928–1939. doi: 10.1128/IAI.01317-12
Lachance, C., Segura, M., Dominguez-Punaro, M. C., Wojewodka, G., De
Sanctis, J. B., Radzioch, D., et al. (2014). Deregulated balance of omega-6
and omega-3 polyunsaturated fatty acids following infection by the zoonotic
pathogen Streptococcus suis. Infect. Immun. 82, 1778–1785. doi: 10.1128/IAI.
01524-13
Lagler, H., Sharif, O., Haslinger, I., Matt, U., Stich, K., Furtner, T., et al.
(2009). TREM-1 activation alters the dynamics of pulmonary IRAK-M
expression in vivo and improves host defense during pneumococcal pneumonia.
J. Immunol. 183, 2027–2036. doi: 10.4049/jimmunol.0803862
Li, R., Zhang, A., Chen, B., Teng, L., Wang, Y., Chen, H., et al. (2010). Response of
swine spleen to Streptococcus suis infection revealed by transcription analysis.
BMC Genomics 11:556. doi: 10.1186/1471-2164-11-556
Lin, Y. T., Tseng, K. Y., Yeh, Y. C., Yang, F. C., Fung, C. P., and Chen, N. J. (2014).
TREM-1 promotes survival during klebsiella pneumoniae liver abscess in mice.
Infect. Immun. 82, 1335–1342. doi: 10.1128/IAI.01347-13
Lun, Z. R., Wang, Q. P., Chen, X. G., Li, A. X., and Zhu, X. Q. (2007). Streptococcus
suis: an emerging zoonotic pathogen. Lancet Infect. Dis. 7, 201–209. doi:
10.1016/S1473-3099(07)70001-4
Mai, N. T., Hoa, N. T., Nga, T. V., Linh Le, D., Chau, T. T., Sinh, D. X., et al. (2008).
Streptococcus suismeningitis in adults in vietnam. Clin. Infect. Dis. 46, 659–667.
doi: 10.1086/527385
Manzin, A., Palmieri, C., Serra, C., Saddi, B., Princivalli, M. S., Loi, G., et al. (2008).
Streptococcus suis meningitis without history of animal contact, italy. Emerg.
Infect. Dis. 14, 1946–1948. doi: 10.3201/eid1412.080679
Murakami, Y., Akahoshi, T., Aoki, N., Toyomoto, M., Miyasaka, N., and Kohsaka,
H. (2009). Intervention of an inflammation amplifier, triggering receptor
expressed on myeloid cells 1, for treatment of autoimmune arthritis. Arthritis
Rheum. 60, 1615–1623. doi: 10.1002/art.24554
Nakayama, T., Takeuchi, D., Matsumura, T., Akeda, Y., Fujinaga, Y.,
and Oishi, K. (2013). Alcohol consumption promotes the intestinal
translocation of Streptococcus suis infections. Microb. Pathog. 65, 14–20.
doi: 10.1016/j.micpath.2013.08.006
Nathan, C., and Ding, A. (2001). TREM-1: a new regulator of innate immunity in
sepsis syndrome. Nat. Med. 7, 530–532. doi: 10.1038/87846
Pieters, R. J., Slotved, H. C., Mortensen, H. M., Arler, L., Finne, J., Haataja,
S., et al. (2013). Use of tetravalent galabiose for inhibition of Streptococcus
suis serotype 2 infection in a mouse model. Biology (Basel). 2, 702–718. doi:
10.3390/biology2020702
Schenk, M., Bouchon, A., Seibold, F., and Mueller, C. (2007). TREM-1–expressing
intestinal macrophages crucially amplify chronic inflammation in experimental
colitis and inflammatory bowel diseases. J. Clin. Invest. 117, 3097–3106. doi:
10.1172/JCI30602
Segura, M. (2009). Streptococcus suis: an emerging human threat. J. Infect. Dis. 199,
4–6. doi: 10.1086/594371
Smith, T. C., Capuano, A. W., Boese, B., Myers, K. P., and Gray, G. C. (2008).
Exposure to Streptococcus suis among US swine workers. Emerg. Infect. Dis. 14,
1925–1927. doi: 10.3201/eid1412.080162
Suankratay, C., Intalapaporn, P., Nunthapisud, P., Arunyingmongkol, K., and
Wilde, H. (2004). Streptococcus suis meningitis in Thailand. Southeast Asian J.
Trop. Med. Public Health 35, 868–876.
Tambyah, P. A., and Lee, K. O. (2001). Streptococcus infection and splenectomy.
Lancet 357, 1130–1131. doi: 10.1016/S0140-6736(00)04282-3
Tang, J., Wang, C., Feng, Y., Yang, W., Song, H., Chen, Z., et al. (2006).
Streptococcal toxic shock syndrome caused by Streptococcus suis serotype 2.
PLoS Med. 3:e151. doi: 10.1371/journal.pmed.0030151
Van Bremen, T., Dromann, D., Luitjens, K., Dodt, C., Dalhoff, K., Goldmann,
T., et al. (2013). Triggering receptor expressed on myeloid cells-1 (Trem-1)
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6 November 2015 | Volume 5 | Article 79
Yang et al. Targeting TREM-1 signaling against STSLS
on blood neutrophils is associated with cytokine inducibility in human E. coli
sepsis. Diagn Pathol 8, 24. doi: 10.1186/1746-1596-8-24
Wang, F., Liu, S., Wu, S., Zhu, Q., Ou, G., Liu, C., et al. (2012). Blocking
TREM-1 signaling prolongs survival of mice with Pseudomonas aeruginosa
induced sepsis. Cell. Immunol. 272, 251–258. doi: 10.1016/j.cellimm.2011.
10.006
Wang, K., and Lu, C. (2008). Streptococcus suis type 2 culture supernatant enhances
the infection ability of the Swine influenza virus H3 subtype in MDCK cells.
Berl. Munch. Tierarztl. Wochenschr. 121, 198–202.
Wertheim, H. F., Nghia, H. D., Taylor, W., and Schultsz, C. (2009). Streptococcus
suis: an emerging human pathogen. Clin. Infect. Dis. 48, 617–625. doi:
10.1086/596763
Wu, J., Li, J., Salcedo, R., Mivechi, N. F., Trinchieri, G., and Horuzsko, A.
(2012). The proinflammatory myeloid cell receptor TREM-1 controls Kupffer
cell activation and development of hepatocellular carcinoma. Cancer Res. 72,
3977–3986. doi: 10.1158/0008-5472.CAN-12-0938
Wu, M., Peng, A., Sun, M., Deng, Q., Hazlett, L. D., Yuan, J., et al. (2011). TREM-
1 amplifies corneal inflammation after Pseudomonas aeruginosa infection by
modulating Toll-like receptor signaling and Th1/Th2-type immune responses.
Infect. Immun. 79, 2709–2716. doi: 10.1128/IAI.00144-11
Yang, C., Chen, B., Zhao, J., Lin, L., Han, L., Pan, S., et al. (2015). TREM-
1 signaling promotes host defense during the early stage of infection with
the highly pathogenic Streptococcus suis. Infect. Immun. 83, 3293–3301. doi:
10.1128/IAI.00440-15
Ye, C., Zheng, H., Zhang, J., Jing, H., Wang, L., Xiong, Y., et al. (2009). Clinical,
experimental, and genomic differences between intermediately pathogenic,
highly pathogenic, and epidemic Streptococcus suis. J. Infect. Dis. 199, 97–107.
doi: 10.1086/594370
Yu, H., Jing, H., Chen, Z., Zheng, H., Zhu, X., Wang, H., et al. (2006). Human
Streptococcus suis outbreak, Sichuan, China. Emerg. Infect. Dis. 12, 914–920.
doi: 10.3201/eid1206.051194
Zalas-Wiecek, P., Michalska, A., Grabczewska, E., Olczak, A., Pawlowska, M., and
Gospodarek, E. (2013). Human meningitis caused by Streptococcus suis. J. Med.
Microbiol. 62, 483–485. doi: 10.1099/jmm.0.046599-0
Zhang, A., Chen, B., Yuan, Z., Li, R., Liu, C., Zhou, H., et al. (2012). HP0197
contributes to CPS synthesis and the virulence of Streptococcus suis via CcpA.
PLoS ONE 7L:e50987. doi: 10.1371/journal.pone.0050987
Zhang, A., Mu, X., Chen, B., Han, L., Chen, H., and Jin, M. (2011). IgA1 protease
contributes to the virulence of Streptococcus suis. Vet. Microbiol. 148, 436–439.
doi: 10.1016/j.vetmic.2010.09.027
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2015 Yang, Zhao, Lin, Pan, Fu, Han, Jin, Zhou and Zhang. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7 November 2015 | Volume 5 | Article 79
